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Since the early 1900s the southern Appalachian red spruce (Picea rubens Sarg.)-Fraser fir 
(Abies piceae (Pursh) Poir.) forests have been subjected to numerous destructive 
influences. Historical logging practices, fire, exotic insect infestations, acidic deposition, 
and global climate change have demonstratively altered the structure and composition of 
this fragile ecosystem. Most profound was the discovery in 1957 of the balsam woolly 
adelgid (Ade/ges piceae Ratz. Homoptera: Adelgidae ), an exotic sap-sucking aphid. A 
study was initiated in the Great Smoky Mountains National Park, which contains 74% of 
the red spruce-Fraser ecosystem. Thirty-six 20x20 m permanent plots untouched by 
logging were established in 1990 on five high elevation mountain peaks to monitor the 
changes in the forest and were re-sampled in 2000-01. From the late 1940s to 1990-91, 
live fir basal area decreased by 6.64 m2/ha. Between 1990-91 and 2000 live fir density 
increased by 156 stemslha. Despite the increase in density this second generation of 
Fraser fir remained sparse compared to the 1940s. All of the species in the sapling cohort 
(<Scm diameter at breast height (dbh), and �1.37m tall) increased showing a positive 
response to overstory deterioration. All species in the seedling cohort ( <1.3 7m tall) 
decreased exhibiting the effects of inhibition from the sapling layer, voids in seed years, 
and germination difficulty from lack of soil moisture. Mean age of all seedling and 
sapling size fir decreased since 1990-91 suggesting a faster growing second generation in 
2000. Mortality rates of all overstory species decreased since the late 1980s. However, 
the future of this young cohort of understory trees is unknown. A dense even-aged forest 
could create the ideal habitat for the adelgid, causing another rapid outbreak. If adelgid 
v 
populations do not stabilize and Fraser ftr does not develop a resistance this cohort could 
be in jeopardy once it reaches maturity. Provided it lives long enough to produce viable 
seed it will become a two-aged forest never reaching the "old growth" un-even aged 
structure that existed prior to infestation. 
vi 
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PART I: INTRODUCTION AND OBJECTIVES 
1 
Approximately 12,500 to 18,000 years ago (the late Wisconsinan full-glacial period) 
the red spruce (Picea rubens Sarg.)-fir (Abies spp. ) (nomenclature follows Radford et al. 
1968) forest covered an area eastward from Missouri across Tennessee and into the 
Carolinas (Delcourt and Delcourt 1984). With the retreat of the ice sheet, spruce-fir 
forests migrated northwards and upwards to seek sanctuary from the wamier 
temperatures. Left behind were seven isolated populations of red spruce-Fraser fir (Abies 
fraseri (Pursh) Poir.) in the mountains of North Carolina, Tennessee, and southwestern 
Virginia (Oosting and Billings 1951; Ramseur 1960). These relict populations with 
limited diversity have been subjected to high amounts of human-related change over the 
last century. 
During the early 1900s large tracts of red spruce forests in the southern Appalachians 
were logged for their high commercial value as lumber and pulpwood (Korstian 1937; 
Pyle 1984). Fires often followed and eventually led to the loss of an estimated 50% to 
90% of the spruce-fir forest in the Southeast (Korstian 1937; Saunders 1979; Pyle and 
Schafale 1988). 
In 1957 the balsam woolly adelgid (Adelges piceae Ratz. Homoptera: Adelgidae), a 
serious pest to all true firs, was detected in the southern Appalachians when it was found 
on Mt Mitchell in North Carolina (Speers 1958; McCambridge 1958). This wind­
dispersed insect is capable of killing mature fir trees within two to five years (Balch 
1952; Ciesla et al. 1963; Balch et al. 1964; Amman and Speers 1965; Amman and 
Talerico 1967; Hollingsworth and Hain 1991). The most accepted theory regarding the 
balsam woolly adelgid's appearance in the southern Appalachians is that the insect likely 
arrived on imported nursery stock of European silver fir (Abies alba Miller) (Kotinsky 
2 
1916; Amman 1962). Currently the adelgid is found throughout the native range of 
Fraser fir causing high amounts of mortality, impacting the structure of the forest (Ciesla 
et al. 1963; Nicholas 1992; Smith 1997). 
Fraser fir is not the only overstory species suffering from the adelgid. Spruce, which 
characteristically has a shallow root system (Crandall 1958), is affected by the increased 
wind exposure due to the death of neighboring surrounding fir as a form of "thinning 
shock" (Nicholas et al. 1992b). Busing and Pauley (1994) observed that 94% of spruce 
death in adelgid-infested stands was caused by snapping or uprooting due to wind. 
In addition to "thinning shock" the spruce has been suggested to be suffering from a 
recent decline in vigor since the 1960s (McLaughlin et al. 1990). This decline has been 
attributed to synchronic large-scale disturbances, which initiated changes in stand 
dynamics (Hornbeck et al. 1986; Reams and Huso 1990; Van Deusen et al. 1991), and 
high amounts of atmospheric deposition (acid rain, ozone, etc.) (Johnson 1991). 
Another canopy associate, mountain-ash (Sorbus americana Marsh), has also recently 
suffered from an exotic pest. Between 1985 and 1989 Nicholas (1992) found 11.7 % 
annual mortality of mountain-ash in three southern Appalachian spruce-fir forests. 
Normally this species would respond positively to the increased amount of sunlight 
created by the overstory fir death. However, Nicholas (1992) suspected the exotic 
mountain-ash sawfly (Pristiphora geniculata Hartig,) was a dominant factor in the high 
mortality of the species . .  
Current warmer climate trends could have a negative impact on this ecosystem. 
Delcourt and Delcourt (1998) suggest that a warmer, drier climate could force the red 
spruce-Fraser fir ecosystem to higher elevations. Since the mountains in the southeast are 
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all under 7000 feet tall and the mean global temperature is estimated to increase by 1.5° 
to 4.5°C over the next century (Root and Schneider 1993) this poses a serious threat. 
Despite recent disturbances in the overstory during the past century, studies indicate a 
positive response in understory fir to overstory deterioration (DeSelm and Boner 1984; 
Witter and Ragenovich 1986; Witter 1988; Nicholas et al. 1992a; Smith 1997). In fact, 
DeSelm and Boner (1984) reported large densities of fir saplings being recruited into the 
overstory within 11-20 years of initial infestation. According to Smith (1997) these new 
recruits grow at an accelerated rate as a result of the reduced overstory. In order for this 
young cohort to maintain itself, however, seedlings and saplings must live to seed bearing 
age (approximately 15 years) and be able to produce viable seed (Busing et al. 1988; 
Pauley and Clebsch 1990; Nicholas et al. 1992b). 
Fraser fir forests hold both tangible and aesthetic values. The high elevations are 
popular tourist destinations in the region. Also, a regional Christmas tree industry 
depends on a large and viable genetic seed stock of Fraser fir for local sources. Since the 
spruce -fir forests are located at the headwaters of many watersheds in the region, the loss 
of overstory fir could have serious impacts on water quality and habitat downstream 
(Pyle 1984). Furthermore, of the 142 vascular plant species that occur in the Great 
Smoky Mountains spruce-fir forests, 16 are endemic (White and Renfro 1984). Also, this 
forest provides habitat for federally listed endangered animal species such as the northern 
flying squirrel (G/aucomys sabrinus Shaw) (Weigl et al. 1992), and the endemic spruce­
fir moss spider (Microhexura montivaga Crosby and Bishop) (USDI Fish and Wildlife 
Service 1999). Hence these forests have high importance in biodiversity, an issue of 
global concern. Alterations in the structure of this forest could have some negative 
4 
effects on biodiversity (Boner 1979; Smith 1984; Mathews and Echtemaccht 1984; 
DeSelm and Boner 1984; Ha11 1989; Nicholas et al. 1992b; USDI Fish and Wildlife 
Service 1995; Rabenold et al. 1998). 
Because of its high economic, aesthetic, and ecological value this forest should be 
monitored closely. The National Park Service initiated this study with the purpose of 
preserving this threatened ecosystem. 
This study's objective was analysis of overstory and understory structural dynamics 
on five mountain peaks in the GSMNP over the past 1 0 years. 
5 
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PART II: OVERSTORY DYNAMICS OF THE GREAT SMOKY 
MOUNTAINS NATIONAL PARK SPRUCE-FIR FORESTS 
10  
ABSTRACT 
The southern Appalachian red spruce (Picea rubens Sarg.)-Fraser fir (Abiesfraseri 
(Pursh) Poir.) ecosystem has faced high amounts of perturbation since the tum of the 20th 
century including destructive logging practices, wildfire, exotic insect infestations, and 
atmospheric deposition. A study was initiated in 1990 in the Great Smoky Mountains 
National Park to monitor permanent plots on five high elevation mountain peaks for 
changes in overstory and understory spruce-fir stands and was resampled in 2000-01. 
Comparison to historical data indicates that from the late 1940s to the earlyl 990s fir live 
basal area (m2/ha) decreased by 6.64 m2/ha and live spruce basal area decreased by 7.24 
m2/ha. Over the last decade, however, live mature fir density (stems/ha) increased by 156 
stemslha. Despite this increase in stems, fir overstory remained sparse compared to the 
1940s. Using TWINSPAN analysis four stand types were assigned based on the amount 
of live overstory basal area. Regression analysis showed that elevation and slope were 
the dominant site factors in determining the structure and composition of the spruce-fir 
forest. 
INTRODUCTION 
The red spruce (Picea rubens Sarg.)-Fraser fir (Abies fraseri (Pursh) Poir.) 
(nomenclature follows Radford et al. 1968) ecosystem is limited to seven isolated 
mountain areas in the southern Appalachians (Oosting and Billings 1951; Del court and 
Delcourt 1984). Typically red spruce dominates areas 1,370 to 1,675 m in elevation, 
while spruce and fir co-dominate around 1,675 to 1,890 m (Whittaker 1956). Above 
1,890 m Fraser fir, which has a greater tolerance for cold and wind, increases in relative 
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dominance and forms almost pure stands on high summits and ridges (Cain 1935; 
Whittaker 1956; DeHayes et al. 1990; Busing et al. 1993; Smith 1997). 
Fir typically lives to 150 years (Korstian 1937; Oosting and Billings 1951), rarely 
growing greater than 24 m tall and 61 em dbh (Beck 1990). Seed production begins at 
about 15 years of age and good crops occur every other year (Beck 1990). Fir relies 
heavily on advanced regeneration and can remain stagnant in the understory for over 40 
years (Beck 1990; Oosting and Billings 1951). 
Red spruce, which can live longer than 300 years (Korstian 1937), begins to produce 
heavy seed crops around age 30 (Korstian 1937) at three to eight year intervals (Blum 
1990). Once established, spruce can remain in the understory for over 50 years (Oosting 
and Billings 1951). In the Southern Appalachians, overstory spruce attains heights of 
over 30 m (Korstian 193 7). 
At the mid to lower elevations yellow birch (Betula allegheniensis Britton) becomes a 
prevalent canopy tree making up 10 to 15% of canopy stems (Oosting and Billings 1951; 
Whittaker 1956; Ramseur 1960). This shade intolerant species produces good seed crops 
in 2 to 3 year intervals starting at approximately age 40 (Erdmann 1990). Yell ow birch 
typically lives longer than 300 years and grows taller than 30 m (Erdmann 1990). 
In the higher elevation forests the most abundant deciduous tree is mountain-ash 
(Sorbus americana Marsh.) (Oosting and Billings 1951; Whittaker 1956; Ramseur 1960). 
This shade intolerant shrubby species which grows to 3-10 m high (Dirr 1998; Harris and 
Stein 1974) rarely reaches the canopy (Ramseur 1960). Relative to spruce and fir, the 
number of stems are sparse (Oosting and Billings 1951). 
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The natural disturbance regime in the old growth red spruce-Fraser fir forests are 
dominated by small canopy gaps (White et al. 1985). However, since the beginning of 
, 
the 20th century the spruce-fir ecosystem has been subjected to significant large scale 
anthropogenic disturbances. Logging operations, which usually preceded fire, reduced 
the forest to an estimated 10% to 50% of its original expanse (K.orstian 1937; Saunders 
1979; Pyle and Schafale 1988). In the late 1950s the introduction of the exotic pest, the 
balsam woolly adelgid (Ade/ges piceae Ratz. Homoptera: Adelgidae ), brought drastic 
changes in forest structure (Ciesla et al. 1963; Amman and Speers 1965; Hay et al. 1976; 
Eagar 1978; DeSelm and Boner 1984; Busing and Clebsch 1988; Dull et al. 1988; 
Zedaker et al. 1988; Nicholas et al. 1992a; Smith and Nicholas 1995; Smith 1997). Other 
recent stresses include acidic deposition (Eagar 1984; Hain and Arthur 1985; McLaughlin 
et al. 1994; Shepard et al. 1995), the mountain-ash sawfly (Pristiphora genicu/ata 
Hartig.) (Nicholas et al. 1992a), and possibly impacts from greenhouse gas influenced 
climate change (Delcourt and Delcourt 1998). 
The primary purpose of this paper was to describe the structure of the overstory in the 
un-logged potions of the Great Smoky Mountains National Park spruce-fir forest and how 
it has changed since the balsam woolly adelgid infestation. The growth, mortality, and 
recruitment rates of the major species during the last ten years were assessed and 
compared to past estimations. Regression models were developed with the 2000-01 data 
to describe the relationships among forest structure and other variables such as elevation, 
aspect, slope, and land use history. Models were constructed with the 1990-91 data by 
Smith (1997). However since the structure of the forest has demonstratively been 




The Great Smoky Mountains National Park (GSMNP) holds 74% of the 26,608 ha of 
the spruce-fir in the southeast (Dull et al. 1988). Five peaks , encompassing nearly the 
entire Fraser fir range in the GSMNP, were selected for study areas: from northeast to 
southwest, Mount Sterling (1,781 m elevation), Mount Guyot (2,019 m), Mount LeConte 
(2,010 m), Mount Collins (1,887 m), and Clingmans Dome (2,025 m) (Figure 1). Major 
ade1gid caused fir mortality occurred on Mount Sterling from 1970-1972, Mount Guyot 
1980-1982, Mount LeConte 1982-1984, Mount Collins 1985-1987, and Clingmans Dome 
1990-1992 (Smith 1997). The study area on each peak was within 100 m elevation of the 
mountain summit. According to Pyle (1984 , 1985) none of the areas had likely been 
previously logged or burned. 
Research Design 
In 1990, a replicated series of stratified permanent plots were established after a 
systematic ground survey of the summit area was completed. Eight 400 m2 (20 x 20 m) 
plots were established on each mountain, with two replicate plots in each of four stand 
types, for a total of forty 400 m2 plots. These plots were corrected for slope. The four 
stand types were Pure Live Fir (PLF; �65% of overstory (by basal area) in fir and 
�65% of fir living), Pure Dead Fir (PDF; �65% of overstory in fir, and �65% of fir dead), 
Mixed Live Fir (MLF; �35% of overstory in fir, and �65% of fir living), and Mixed Dead 
Fir (MDF; �35% of overstory in fir, and �65% of fir dead). The non-fir trees in a stand 
type were an unspecified mix of spruce and hardwoods. In four instances replicate plots 
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Figure 1 :  Great Smoky Mountains National Park spruce-fir study sites. 
meeting the stand type criteria were not met. Therefore only 36 plots were used in 1990-
91. In 2000 one PLF plot was added to Clingmans dome, for a total of 37 plots. 
Data Measurement 
The plots were established and sampled in 1990 and 1991 by the Uplands Research 
Laboratory, GSMNP. They were re-sampled in 2000 and 2001. Sampling methodology 
followed the National Acidic Precipitation Assessment Program's Forest Response 
Program protocols (Zedaker et. al. 1988) and was the same as Nicholas et al. (1992a, 
1992b) in earlier spruce-fir monitoring in the GSMNP. 
Each overstory tree (�5 em diameter at breast height (DBH 1.3 7 m high)) was 
mapped, measured for diameter, and given a three letter species code. Species considered 
shrubs, such as rhododendron (Rhododendron catawbiense Michx.) and smooth sumac 
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(Rhus glabra L.), were not included in overstory. Canopy position, dominant, co­
dominant, intermediate, or suppressed was estimated for each tree. Each overstory 
spruce and fir stem was classified into crown condition classes (class 1: 90-100% intact, 
class 2: 50-86% intact, class 3: 1-49% intact, class 4: recently dead, and class 5: old 
dead). Cone data was collected, but was omitted from the study because quality assurance 
control suggested that the data was inaccurate. 
Data Analysis 
All statistical analysis was done with SAS (SAS Institute 1999) and PC-ORD 
(McCune and Meford 1999). 
The paired Wilcoxon Signed Rank test, was used to assess the changes in the 
overstory of 36 plots from 1990-91 to 2000. This nonparametric test was appropriate 
because the independent variables were not normally distributed. The variables used 
were basal area (m2/ha) and density (stemslha) of all major species groups (fir, spruce, 
mountain-ash, yellow birch, and other hardwoods). A .1 0 level of significance was used. 
Multiple regression was used to describe live fir, spruce, yellow birch, mountain-ash, 
and other hardwood basal area and density. A Monte Carlo bootstrapping method, with 
1,000 permutations, was used to test the significance of the models. Independent 
variables were elevation, aspect, slope, and the number of years since peak adelgid 
caused fir mortality. Before using regression, the aspect in degrees was transformed to a 
linear scale from 0 to 2 (Beers et al. 1966). The backwards elimination procedure was 
used (SAS Institute 1999) for independent variable selection. 
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Mortality, recruitment (ingrowth), and growth rates of all major species groups 
between 1990-91 to 2000 were calculated. Recruited trees were less than 5.0 em DBH at 
the initial sampling period but reached at least 5.0 em DBH by 2000. 
PC-ORD (McCune and Meford 1999) was used to delineate forest cover types by 
doing a two-way indicator species analysis {TWINSP AN) (Hill 1979) of overstory basal 
area by species. TWINSP AN is a divisive clustering technique, typically used for 
vegetation analysis, which forms separate variables for the different levels of abundance 
of a species. Dichotomies are created by ordinating the data using reciprocal averaging 
of the samples. A dendrogram is produced which uses integer levels to demonstrate the 
relative cluster similarity (Gauch and Whittaker 1981). This dendrogram was used to 
classify forest cover types. 
Indirect ordination was done using detrended correspondence analysis 
(DECORANA). This technique was designed to correct the two major problems 
encountered in reciprocal averaging: 1) the second axis is often an arched distortion of 
the first axis (Gauch 1977) and 2) ordination distances do not have a consistent meaning 
along the gradient (Hill and Gauch 1980). The resulting components were regressed 
against slope, elevation, years since major adelgid caused fir mortality, and transformed 
aspect (Beers et al. 1966), to determine which, if any, site factors explained the 
distribution. 
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RESULTS AND DISCUSSION 
Changes in Overstory Structure 
From 1990 to 2000 there were no significant changes (90% confidence level, 
Wilcoxon signed rank test) in live overstory fir basal area (m2/ha). However there was a 
s ignificant increase in density from 697 stemslha to 853 stemslha (Table 1 ). Annual 
mortality rates of live overstory fir during this period were lower than rates found in the 
late 1980s (Nicholas 1992) (Table 2) . The mean dbh growth rate of fir from 1990-91 to 
2000 was .26 em/year (Table 3) 
The reason for the increase in density and a reduced mortality rate of Fraser fir can be 
explained by the "pre adelgid" uneven-aged structure of the forest. The older cohort of 
fir trees suffered high amounts of mortality during the initial infestation (DeS elm and 
Boner 1984; Busing and Clebsch 1988; Dull et al. 1988; Nicholas 1992). According to 
Eagar ( 1 985) bark fissures on these larger trees allowed the adelgid easier access to the 
pheloderm, and thus made the trees more susceptible to the insect. Since the initial 
infestation, a sparse collection of advanced regeneration entered the overstory. This was 
reflected by a decrease in overstory mean dbh from 12 em in the late 1940s (Osting and 
Billings , 1 95 1) to 1 0  em in 1990-9 1 (Table 4) . These young trees were more resistant to 
adelgid attack because of their tight smooth bark which inhibited penetration (Eagar 
1984) . Hence this relict cohort of fir has seen less change in basal area over the last  
decade than during the peak adelgid attack. Smith and Nicholas (1 999) suggested that the 
initial wave of adelgid destruction was over by the early 1990s . 
1 8  
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Table 1 .  Live overstory (�5 em dbh) basal area (m2/ha ± SD) and density (stems/ha ± SD) in the late 1940s (Oosting and 
Billings 195 1), 1990-91 ,  and 2000. 
Year o/o change Wilcoxon Signed 
late 1990-91 to Rank Test 
Species 1940s 1990-91 2000 2000 p-value 
Fir 
basal area (m2/ha) 16.85 1 0.2 1 ± 14.3 1 9.5 1  ± 9.38 -7% 0.4586 
density (stems/ha) 925 697 ± 1010  853 ± 577 22% 0.0750 
Spruce 
basal area (m2/ha) 25.98 18 .74 ± 19.91 1 5 .4 1 ± 1 5.68 - 1 8% 0. 1 033 
density (stems/ha) 230 262± 300 256 ± 267 -2% 0.6936 
Mountain- basal area (m2/ha) - .78 ± 1 .39 .97 ± 1 .68 24% 0.0128 
ash density (stems/ha) - 66 ± 1 22 63 ± 1 10 -5% 0.4531  
Yellow basal area (m
2/ha) - 2.21 ± 5.85 2 .12 ± 5 .25 -4% 0.3757 
birch density (stems/ha) - 61  ± 1 77 55± 1 59 - 10% 0.3945 
Other basal area (m2/ha) - 1 . 8 1  ± 3.91 1 .70 ± 3.70 -6% 0.5905 
hardwood 
species density (stems/ha) - 109 ± 206 88 ± 1 56 -19% 0.5003 
All species basal area (m
2/ha) - 33.75 ± 19.2 1  29.70 ± 1 5.87 - 12% 0.0996 




Table 2. Overstory (�5 em dbh) mortality rates (%/year) from 1985 to 1989 (Nicholas 1992) and 1 990-9 1 to 2000. · 
Fir Spruce Mountain-ash Yellow Birch Other hardwoods 
7 2.2 1 1.7 1 .9 -
1985-1989* 
n=538 n=229 n=-62 n=74 -
1990-91- 2000 
3 . 1  1 .6 0.79 1 .7 5.6 
n= 1 1 1 8 n=407 n=99 n=48 n= 161  
*From Nicholas (1992), Great Smoky Mountains 1830- 1980 m elevation data. 
n is # of live trees at beginning of survey period. 
Table 3. Overstory (�5 em dbh) mean diameter growth rates (em/year) from 1990-9 1 to 2000 
Fir Spruce Mtn ash Yellow Birch Other Hardwoods I 
0.26 0.3 0.27 0.28 0.27 I 
N=850 n=367 n=92 n=83 n= 125 I 
N -
Table 4. Mean dbh (em± SD) of live overstory (�5 em dbh) species in the late 1 940s (Oosting and Billings, 195 1), 1990-9 1 ,  
and 2000. 
Wilcoxon Signed Rank 
mean dbh mean dbh mean dbh % change 1990- Test 
Species 1940s (em) 1990-91 (em) 2000 (em) 91 to 2000 p-value 
Fir 12.04 10. 17 ± 5 .46 1 0.78 ± 3 .77 6% 0.0640 
Spruce 30.33 24.07 ± 1 3.39 22.29 ± 12.43 -7% 0.7826 
Mountain-ash - 3.33 ± 5.35 5 .3 1 ± 6.97 198% 0.2961 
Yell ow birch - 6.33 ± 1 1 .63 7. 12  ± 1 2.20 5% . 1 677 
Other hardwood 
6.33 ± 7.41 6.78 ± 8.30 7% . 1 756 -
specie!_··· 
The overstory fir left after the first wave of the balsam woolly adelgid was sparse. 
Live fir basal area and density in the pre-adelgid late 1940s were 1 1 9% and 33% more 
respectively than in 1990-9 1 (Oosting and Billings 195 1) (Table 1). 
There were no significant changes in overstory red spruce basal area s ince 1990 
(Table 1) .  However since the late 1940s red spruce basal area decreas ed by 7.24 m2/ha. 
There are several possible explanations for this decrease. The first is that this shallow 
rooted species (Crandall 1958) likely suffered from "thinning shock" because of the death 
of nearby fir (Nicholas et al. 1992a). This effect is created primarily from the increased 
exposure to wind, light and temperature fluctuations (Nicholas and Zedaker 1989). 
Another possible factor may be that normal growth processes of spruce have been altered 
by a predisposing climatic and atmospheric deposition interaction (Johnson 199 1 ;  
Shepard et al. 1995). For example, large amounts of acidic deposition, common in the 
Southern Appalachians (Saxena and Lin 1990; Johnson and Lindberg 1992) ,  have been 
shown to reduce calcium and magnesium availability (Johnson 199 1 ;  Shepard et al. 
1 995) . These nutrients are important in regulating red spruce health. Red spruce density, 
however, increased by 32 stems/ha from the late 1940s to 1990. 
There was a reduction in annual red spruce mortality rates since the late 1980s 
(Nicholas 1992) (Table 2) . This suggests that the negative effects ofthe "thinning shock" 
are declining. Many ofthe larger more exposed spruces died prior to this study, and left 
behind were smaller trees, less exposed to the elements . This was illustrated by the 
reduction in mean diameters of live overstory spruce from 30.33 em the late 1940s to 
24.07 em in 1990-9 1 (Table 4) (Oosting and Billings 195 1) .  The mean dbh growth rate 
of spruce from 1990-91 to 2000 was .30 em/year (Table 3) . 
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There were no significant changes in mountain-ash basal and density from 1990-91 to 
2000 (Table 1). Likewise, the recruitment rate was low (.53 %/year) (Table 5). The 
annual mortality rates were reduced from 11.7 % in the late 1980s to .79% from 1990-91 
to 2000 (Table 2) (Nicholas 1992). The initial high mortality rate for this species was 
hypothesized to be linked to the mountain-ash sawfly, another invasive European insect 
(Nicholas 1992). This reduction in mortality suggests that damage caused by the sawfly 
has peaked. Perhaps this indicates a positive response to increased levels of light and/or a 
decline in sawfly populations in the region. Current mountain-ash health studies in the 
Great Smoky Mountains National Park have not indicated the presence of a single sawfly 
for over 10 years (Johnson 2003). The mean dbh growth rate of mountain-ash from 
1990-91 to 2000 was .27 em/year (Table 3). 
No significant changes were found with live overstory yellow birch basal or density 
(Table 1). This is consistent with Nicholas (1992) who predicted that the yellow birch 
population in GSMNP would exhibit little change from 1989 to 2009. However, it is 
possible that the sample size was not sufficient due to the low densities of this species. 
Mortality rates were reduced only slightly since the late 1980s (Table 2) (Nicholas 1992). 
The recruitment rate exceeded mortality only slightly (Table 2, Table 5). The yellow 
birch mean dbh growth rate was .28 em/year (Table 3). 
There were seven species in the other hardwood species class in 1990-91 ; 
serviceberry (Amelanchier arborea var. Iavis (Wieg.) Ahles.), red maple (Acer rubrum 
L.), mountain maple (Acer spicatum Lam.), American beech (Fagus grandifolia Ehrh.), 
pin cherry (Prunus pennsylvanica L.f.), black cherry (Prunus serotina Ehrh.), and red oak 
(Quercus rubra (L.)). In 2000 all of these species were present with the addition of one 
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Table 5. Overstory (2:5cm dbh) recruitment rates (%/year) from 1990 to 2000. 
Fir Spruce Mountain-ash Yellow Birch Other hardwoods 
4.55 1.80 0.53 1.00 7. 90 
N=l l 1 8  n=407 n=99 n=48 n=161 
sugar maple (Acer saccharum Marsh.). The most common species in both of these time 
periods were mountain maple, black cherry, and American beech. There were no 
significant changes in basal area or density of this species class from 1990-91 to 2000 
(Table 1). This is not surprising due to the low densities of these trees. A larger sample 
size would be needed to detect any significant changes in this species class. 
Regression Models 
Multiple regression was performed on live fir, spruce, mountain-ash, yellow birch, 
and other hardwood basal area (m2/ha) and density (stemslha) with the 2000-01 data. A 
Monte Carlo bootstrapping method, with 1,000 permutations, was used to test the 
significance of the models. Independent variables used were elevation, the number of 
years since peak adelgid caused fir mortality (YSM), slope, and linearly transformed 
aspect (Beers et al. 1966). 
Fir basal area significantly correlated with elevation and YSM (Table 6). This 
correlation with elevation is consistent with past studies which have shown that fir 
increases in dominance with elevation (Cain 1935; Whittaker 1956). The positive 
correlation with YSM was also found by Bonner (1979) who observed greater fir 
densities and basal areas with time since peak adelgid caused fir mortality. In 1990-91, 
however, no such trends with fir basal area were found (Smith 1997). 
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Table 6. Non-parametric regression of basal area (m2/ha) and density (stems/ha) of overstory (�5 em dbh) live fir, 
spruce, mountain-ash, yellow birch, and other hardwood species on elevation, years since major adelgid caused fir 
mortality (YSM), percent slope, and linearly transformed aspect 1 in 2000. 
Rz Elevation YSM Slope Aspece pZ 
Fir basal area (mz/ha) .2792 0.0793 0.7157 - - 0.004 
Spruce density (stems/ha) 0.2138 -1.3239 - 5.3885 - 0.020 
Spruce basal area (mz/ha) 0. 1625 - - 0.4111 - 0.010 
Mountain-ash density (stems/ha) 0.2049 0.5581 - -1.9178 - · 0.024 
Mountain-ash basal area (m.L/ha) 0.2370 0.0086 - -0.0376 - 0.010 
Yellow birch density (stems/ha) 0.2271 -0.8848 - - - 0.001 
Yellow birch basal area (mz/ha) 0.3305 -0.0354 - - - 0.010 
Hardwood density (stems/ha) 0.2259 -0.6942 - - 88.8495 0.019 
Hardwood basal area (mz/ha) 0.3177 - 0.3260 - - 0.002 
The transformed aspect is a linear scale from 0-2 that measures the distance from 225° (southwest) (Beers et al. 
1966). 
2 Degrees of freedom for significance tests in 1990-91 is 35 and 36 in 2000. 
In 1 990-91 elevation and YSM were significant predictors of fir density (Smith 
1997}. Each regression coefficient was positive indicating that fir density increased with 
elevation and YSM. The positive correlation with elevation was consistent with past 
studies (Cain 1935; Korstian 1937; Oosting and Billings 195 1 ;  Whittaker 1956) .  
However, no significant correlations were found with fir density in 2000. 
Spruce density was significantly negatively correlated with elevation, and positively 
correlated with slope (Table 6) . The same trend was found in 1 990-9 1 (Smith 1997) . 
Consistently Busing et al. (1 993) and Smith (1997) found that spruce dominated more on 
the steeper slopes where there was less exposure to wind. Other studies have shown 
negative correlations with elevation (Oosting and Billings 195 1 ;  Whittaker 1956; Busing 
et al. 1993) . Spruce basal area was correlated with slope and not elevation in both 
sampling periods (Smith 1997) . 
Mountain-ash density and basal area were significantly positively correlated with 
elevation for 1990-91 and 2000 (Table 6) (Smith 1997) .  Another study showed a similar 
trend with elevation (Ramseur 1960) . Mountain-ash basal area negatively correlated with 
slope and mountains-ash density positively correlated with s lope. However the effects of 
slope on mountain-ash populations have not been documented in previous work, and 
these inconsistencies can not be explained. 
Yellow birch density correlated negatively with elevation (Table 6) . This is also 
consistent with a past study (Ramseur 1960). 
The other hardwood species class density correlated negatively with elevation and 
positively with aspect in 2000. The correlation with elevation is consistent with past 
studies (Korstian 1937; Cranda11 1958).  Since most of the high elevation hardwood 
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species are shade intolerant, and northeastern aspects receive the least sunlight, it is 
surprising that there is a positive correlation with aspect. However, no other studies have 
shown that aspect has any influence on hardwood density. Hardwood basal area 
correlated only with YSM indicating that hardwood species were able to take advantage 
ofthe extra available light from the canopy gaps caused by the adelgid. 
Cover Type Classification 
The high elevation forests of the southern Appalachian Mountains have been 
traditionally referred to as the spruce-fir forest type (Oosting and Billings 1951; Ramseur 
1960). Cain (1935) described two sub-types; the Red Spruce Type, and the Southern 
Balsam Fir Type. Crandall (1958) classified the sub-alpine forests into four types; fir, 
spruce-fir, spruce, and spruce-hardwoods. The Society of American Foresters (Eyre 
1980) recognized three cover types; red spruce, red spruce-Fraser fir, and red spruce­
yellow birch. In 1992 Nicholas classified four forest types which were strikingly similar 
to Crandall's 1958 classification; spruce, spruce-birch, spruce-fir, and fir. 
Using TWINSP AN four stand types were constructed (Table 7). They were assigned 
names based on the species with the highest amount of basal area; Fir (n = 9), Spruce (n = 
17), Fir/Spruce (n = 7), and Spruce/Birch (n = 4). 
The four stand types created compared fairly well with Nicholas' 1992 classifications 
(Nicholas et al. 1992 a). The fir type had an average live fir basal area of 17.7 m2/ha 
consisting of 65% of the basal area in this forest type. Similarly, Nicholas' fir type had 
25 m2/ha in fir accounting for 75% of the basal area. The Spruce type accounted for 76% 




Table 7. Live overstory (2:5 em dbh) basal area (m21ha ± SD) of four TWINSPAN community types (N=37). 
Stand type 
Fir Spruce Fir-Spruce Spruce-Birch 
Species class n = 9  n =  17 n = 7  n = 4 
Fir 17.7 ± 10.3 4. 1 ± 2.3 1 5.4 ± 1 1 .2 3 .8 ± .9 
Spruce 4. 1 ± 4.9 24. 1 ± 1 5.3 10.2 ± 1 8.0 13 .3 ± 10.6 
Yellow birch .4 ± 1 .2 .8 ± 1 .2 . 1  ± .3 15 .2 ± 8.0 
Mountain-ash 2.8 ± 1 .9 .4 ± 1 .4 .5 ± .6 0 
Other hardwood species 2.2 ± 2.8 2.3 ± 5 .0 0 .9 ± .9 
83% of its basal area in spruce. The Fir-Spruce type had 59% fir and 39% spruce 
compared to the Nicholas et al (1 992) Spruce-Fir type that had 53% spruce, and 44% fir. 
The Spruce-Birch type accounted for 1 3.3 m2/ha in spruce and 15 .2 m2/ha in yellow 
birch. Nicholas ' Spruce-Birch type compared well with this type with 36.1  m2/ha in 
spruce and 8.5 m2/ha in yellow birch. 
The s ite variables elevation, YSM, and slope best explained the distribution of the four 
stand types on the first DECORANA axis (eigenvalue = .479, r = .5 12, p-value = 
:<.0001) .  The second DECORANA axis (eigenvalue = . 1 3 1 )  was best described by YSM 
(r = .3 10, p-value = .0158). Similarly, Nicholas ( 1992) found her stand types were best 
described by elevation and slope. 
CONCLUSIONS 
The southern Appalachian red spruce-Fraser fir ecosystem has been subjected to 
significant levels of stress over the past century impacting the structure and composition 
of the forest. Values of spruce and fir basal areas and densities were dramatically lower 
in 1 990-9 1 than found in the late 1940s (pre bals am woolly adelgid infestation). Between 
1 990-9 1 to 2000, however, the live overstory fir density increased by 156  stemslha. 
Despite this increase in density this new cohort remained sparse compared to pre-adelgid 
conditions. The spruce component suffered losses in basal area from the 1940s to 1990, 
probably due to "thinning shock" created from exposure to wind, light, and temperature 
fluctuations. 
Mortality rates decreased for all major species groups since the late 1980s .  The 
decrease in fir mortality was the result of the reduction in the larger older more 
29 
· susceptible fir prior to this study, leaving behind a sparse cohort of younger more 
res istant trees . The decrease in spruce mortality can be explained by the declining 
negative effects of "thinning shock" caused by exposure. Mountain-ash mortality 
probably decreased from less impact caused by the mountain-ash sawfly, and an 
increased vigor due to a surplus of available light. 
Despite demonstrative past changes in the ov erstory little has changed with the 
relationship between stand structure and site factors . Elevation and slope remain 
dominant factors in the structure and composition of the spruce-fir ecosystem. 
Four cover types were described based on the amount of live overstory basal area. 
These types compared fairly well with Nicholas et al. ( 1992) , and Crandall (1 95 8). 
Despite the dramatic changes in the overstory structure, due to the balsam woolly 
adelgid, the cov er types remained relatively unchanged. Further evidence showed that 
elevation had the most influence on these types . 
Whether these populations of red spruce and Fraser fir will sustain themselves 
depends on the understory. With ample representation in the overstory and a vigorous 
sapling cohort (chapter III of this work) the future of these forests look promising. 
However, this understory could be in jeopardy once it reaches maturity. A dense even­
aged forest creates an ideal habitat for the adelgid, and could result in an explosiv e 
outbreak (Eagar 1 978).  Another more optimistic possibility is that fir will develop a 
resistance to the insect, or adelgid populations will stabilize. 
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PART III: UNDERSTORY DYNAMICS OF THE GREAT SMOKY 
MOUNTAINS NATIONAL PARK SPRUCE-FIR FORESTS 
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ABSTRACT 
Destructive influences have altered the structure and composition of the red spruce (Picea 
rubens Sarg.) and Fraser fir (Abiesfraseri (Pursh) Poir.) ecosystem for the past 1 00 years. 
Logging, fire, exotic insect infestations, acidic deposition, and global climate change 
have had profound influences on the overstory and understory. In the high elevation 
forests of the Great Smoky Mountains National Park, untouched by logging and fire, the 
exotic balsam woolly adelgid (Adelges piceae Ratz. Homoptera: Adelgidae) had the most 
profound influence on the structure of the forest. In the late 1950s this pest infested the 
forest resulting in high amounts of overstory fir mortality throughout the range of red 
spruce-Fraser fir. Whether the spruce-fir in the Southeast will ever reach the state of 
what it was prior to infestation will depend on several non-mutually exclusive factors 1 )  
understory re-initiation and growth 2)  adelgid population stabilization 3 )  Fraser fir's 
development of a genetic resistance to the adelgid and 4) trends in global climate change 
and acidic deposition. In 1990 the National Park Service initiated a permanent 
monitoring network of plots in the Great Smoky Mountains National Park spruce-fir 
forest that were resampled in 2000-01 .  Fraser fir, red spruce, and mountain-ash (Sorbus 
americana Marsh) saplings (� 1 .3 7 m tall, <5 em dbh (diameter at breast height; 1 .3 7 m) 
increased in density (stemslha) since 1990-9 1  illustrating a positive response to increased 
available light following infestation. Overall the density of seedlings ( <1 .37 m tall) 
decreased as a result of competition for space from the sapling layer. Mean ages of all fir 
understory size classes decreased in age indicating a vigorous response to overstory 
disturbance. If adelgid populations do not stabilize and Fraser fir does not develop a 
resistance this cohort could be in jeopardy once it reaches maturity. Provided it lives 
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long enough to produce viable seed it will become a two-aged forest never reaching the 
"old growth" un-even aged structure that existed prior to infestation. 
INTRODUCTION 
Red spruce (Picea rubens Sarg.) and Fraser fir (Abies fraseri (Pursh) Poir.) 
(nomenclature follows Radford et al.) grow together in only seven isolated high elev ation 
mountain areas in North Carolina, Tennessee, and southwestern Virginia (Oosting and 
Billings 195 1 ;  Ramseur 1960; Delcourt and Delcourt 1984) . Spruce dominates the 
canopy between 1 ,370 and 1 ,675 m in elevation, spruce and fir from 1 ,675 to 1 ,890 m, 
and fir abov e 1 ,890 m (Whittaker 1956; Crandall 1958;  Ramseur 1960).  
Mountain-ash (Sorbus americana Marsh.) is a common deciduous tree at the higher 
elevations (Oosting and Billings 195 1 ;  Whittaker 1956; Ramseur 1960), while yellow 
birch (Betula a/legheniensis Britton) becomes the most prevalent hardwood at mid to 
lower elevations (Oosting and Billings 195 1 ;  Whittaker 1956; Ramseur 1960) . 
Large seed crops of Fras er fir occur every other year (Beck 1990), while spruce crops 
occur at three to eight year intervals (Blum 1990) . On a good seed year Fraser fir seeds 
are estimated to be 78% viable (Beck 1990) ,  and Spruce seeds to be 60-80% viable 
(Korstian 1937).  Very few spruce and fir seeds remain viable over a year (Franklin 1974; 
Safford 1974) . Once established, spruce and fir can remain stagnant in the understory for 
ov er 40 years (Beck 1990; Oosting and Billings 19  5 1) .  
In 1957 a serious inv asive pest to all true fir species, the balsam woolly adelgid 
(Ade/ges piceae Ratz. Homoptera: Adelgidae ), arrived in the southeast. After its arrival 
drastic changes occurred to the structure and composition of the forest (Cies la et al. 
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1963). Not only the fir, but the spruce suffered high amounts of mortality as a result of 
thinning shock from the loss of nearby fir (Nicholas et al. 1992b;�u�ing and Pauley 
1994). 
Prior to adelgid infestation the spruce-fir forest resembled an uneven-aged structure 
(Oosting and Billings 1951) with small canopy gaps dominating the disturbance regime 
(White et al. 1985). However with the high degree of deterioration in the overstory 
caused by the adelgid came a positive response in understory growth (Bonner 1979; 
DeSelm and Bonner 1984; Witter and Ragenovich 1986; Witter 1988; Busing and 
Clebsch 1988; Witter 1988; Busing et al. 1988; Nicholas et al. 1992b; Smith 1997). This 
created a structure resembling an even-aged forest. 
This chapter examined the dynamics of the high elevation fir-dominated forest with 
emphasis of changes in understory composition between 1990-91 to 2000. Multiple 
regression models were constructed with the 2000-01 data to explain how understory 
composition relates to site factors such as overstory density and basal area, slope, aspect, 
and years since peak adelgid caused overstory fir mortality. Similar models were 
constructed in 1990-91 by Smith (1 997). However since the structure of the forest has 
demonstratively been changing, it was necessary to test past models with the new models. 
METHODS 
Study Site 
The GSMNP holds 74% of the 26,608 ha of spruce-fir in the Southeast (Dull et al. 
1988). Five peaks, encompassing nearly the entire Fraser fir range in the Great Smoky 
Mountains National Park (GSMNP), were selected for study areas: from northeast to 
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southwest, Mount Sterling (1 ,781 m elevation), Mount Guyot (2,01 9  m), Mount LeConte 
(2,01 0  m), Mount Collins (1 ,887 m), and Clingmans Dome (2,025 m) (Figure 2) . Major 
adelgid caused fir mortality occurred on Mount Sterling from 1970-1 972, Mount Guyot 
1980-1982, Mount LeConte 1982- 1984, Mount Collins 1985-1 987, and Clingmans Dome 
1990-1992 (Smith 1997) . The study area on each peak was within 100 m elevation of the 
mountain summit. None of the areas had been previously logged or burned (Pyle 1984, 
1 985). 
Research Design 
In 1990, a replicated series of stratified permanent plots were established after a 
systematic ground survey of the summit area was completed (Figure 2) . Eight 400 m2 
(20 x 20 m) plots were established on each mountain, with two replicate plots in each of 
four stand types, for a total of forty 400 m2 plots . These plots were corrected for slope. 
The four stand types were Pure Live Fir (PLF; �65% of overstory (by basal area) in 
fir and �65% of fir living), Pure Dead Fir (PDF; �65% of overstory in fir, and �65% of 
fir dead) , Mixed Liv e Fir (MLF; :s;35% of overstory in fir, and �65% of fir living), and 
Mixed Dead Fir (MDF; :s;35% of overstory in fir, and �65% of fir dead) . The non-fir 
trees in a stand type were an unspecified mix of spruce and hardwoods . In four instances 
replicate plots meeting the stand type criteria were not met. Therefore only 36 plots were 
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Figure 2 :  Great Smoky Mountains National Park spruce-fir study sites. 
Data Measurement 
The plots were established and sampled in 1990 and 1991  by the Uplands Research 
Laboratory, GSMNP. They were re-sampled in 2000 and 2001 .  Sampling methodology 
followed the National Acidic Precipitation Assessment Program's Forest Response 
Program protocols (Zedaker and Nicholas 1 988) and were the same as followed by 
Nicholas et al. ( 1992a, 1992b) in earlier spruce-fir monitoring in the GSMNP. 
Each overstory tree (;;::::5 em diameter at breast height (DBH 1 .37 m high)) was 
mapped, measured for diameter, and given a three letter species code. Canopy position, 
dominant, co-dominant, intermediate, and suppressed was estimated for each tree. Each 
overstory spruce and fir stem was classified into crown condition classes (class 1 : 90-
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100% intact, class 2: 50-86% intact, class 3 :  1-49% intact, class 4: recently dead, and 
class 5:  old dead) . 
Sixteen randomly selected 2x2 m subplots, nested in each plot, were sampled for 
saplings and woody shrubs (�1 .37 m tall and <5 em dbh) . There were four subplots in 
each of four strips located in the north, west, south, and east quadrants . The species, 
basal diameter (15 em above the ground), height, crown condition, and disturbance 
symptomology were determined for each of the plants . The term "shrub" refers to woody 
perennial species with a low, spreading growth form and multiple roots from a common 
root mass . 
One 1x1  m subplot was placed in each ofthe 16 2x2 m plots . In each ofthese 
subplots ground cover types (bare soil, twig/leaf litter, bare rock, bole, bryophytes/lichen, 
aerial woody debris, ground woody debris, stream/seep, and herb/sub-shrub) were 
estimated by the percent of the cover type that was visible when looking down on the 
subplot. Tree and shrub seedling occurrence by species and size/age classes ( 1 -4 years 
(S 1), 4-.25 m tall (S2), .26 m- 1 .0 m tall (S3), and 1 .01 - 1 .36 m tall (S4)) were tallied. Fir 
were classified as under 4 years of age if they had no lateral branches, or bud scars from 
annual growth. 
Ten destructive samples were taken from outside of each plot to determine the ages 
and conditions of fir seedling and saplings . Two trees from each of five size/age classes 
( 1 -4 years, 4 years - .25 m tall, .25 m - 1 m, 1 m - 1 .37 m, and � 1 .37 m and <5 em dbh) 
were cut at ground level. A cross section of the basal area of the stem was taken back to 
the lab for age analysis .  
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Data Analysis 
All statistical analysis was done with SAS (SAS Institute 1 999). 
The paired Wilcoxon Signed Rank test, was used to assess the changes in the sapling 
and seedling classes of36 plots from 1 990-91  to 2000-01 .  This nonparametric test was 
appropriate because the independent variables were not normally distributed. The 
variables used were densities (stemslha) of all major species groups (fir, spruce, 
mountain-ash, yellow birch, other hardwoods, and shrubs). A significance level of . 1  0 
was used. 
Multiple regression was used to describe live fir, spruce, yellow birch, mountain-ash, 
other hardwood, and shrub sapling and seedling densities in 2000-0 1 .  A Monte Carlo 
bootstrapping method, with 1 ,000 permutations, was used to test the significance ofthe 
models. Independent variables were elevation, aspect, slope, overstory basal area, 
overstory density, and the number of years since peak adelgid caused fir mortality. 
Before using regression the aspect in degrees was transformed to a linear scale from 0 to 
2 (Beers et al. 1966). The backwards elimination procedure was used in SAS (SAS 
Institute 1999) for independent variable selection. 
The Shannon biodiversity index was used to describe the seedling and sapling cohort 
(Shannon and Weaver 1963). 
RESULTS AND DISCUSSION 
Changes in Understory Structure 
Fraser fir saplings (�1 .37 m tall, <5 em dbh) significantly increased (90% confidence 
level, Wilcoxon signed rank test) by 1 ,7 13  stemslha since 1990-91 (Table 8). 
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Additionally the fir seedlings in size class S4 ( 1 .01 m-1 .36 m tall) increased by 571 
stems!ha (Table 9) . This increas e in density was a result ofthe Sl (1-4 years) , S2 (4-.25 
m tall) , and S3 (.26 m-1 .0 m tall) size class responding positively to the surplus of space 
in the overstory caused by the balsam woolly adelgid. Similarly, DeSelm and Boner 
( 1 984) found large increases in fir understory after 10 years of adelgid caused overstory 
mortality. The smallest three fir seedling classes decreased in density from 1990-91 to 
2000. One explanation is the competition for space from the S4 class and the sapling 
layer (Table 9) . Another possibility is the desiccation of the moss and peat layer from 
increased levels of sunlight. Beck (1990) suggests that soil desiccation is the most 
limiting factor in fir seedling establishment. 
Spruce saplings also significantly increased by 270 stems!ha (Table 8). There was 
also an increase in density in the S4 size class . Since 1990-91 the spruce in the S l  and S2 
·
size classes were recruited into the S4 and sapling size classes (Table 8, Table 9) . 
The spruce in the smallest two seedling size classes decreased in density since 1990-91 .  
This indicates a void of several years in reproduction of red spruce. Korstian (1 937) 
presented three limiting factors in the natural reproduction of red spruce: 1) seed supply 
2) competing vegetation 3) and soil and moisture. Hart (1 965) estimated good spruce 
seed crops to occur every 3 to 8 years . This interval in seed crops is a possible reason for 
the decrease in the smallest two seedling classes . The second possibility is that the 
decreases in the S 1 and S2 classes were caused by competition for space from the S4 and 
sapling layer. The third limiting factor, low soil moisture caused by the increased sun 
exposure after adelgid caused overstory deterioration, could also explain this void in 
seedlings . No significant changes were found in the S3 size class . 
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Table 8. Mean live sapling (�1 .37 m tall, <5 em dbh) densities (stems/ha ± SD) changes from 1 990-9 1 to 2000. 
Wilcoxon Signed Rank 
1990-91 2000 % Change 1990-91 Test 
Species (stems/ha) (stems/ha) to 2000 p-value 
Fir 981  ± 1 ,000 2,694 ± 2,463 175% 0.095 1 
Spruce 1 35 ± 280 405 ± 5 1 0  200% <0.0001 
Mountain-ash 35 ± 100 1 65 ± 526 371% 0.0454 
Yell ow birch 26 ± 70 55 ± 166 1 12% 0.5391 
Other hardwood species 1 17 ± 347 46 ± 208 -61% 0.6936 
Shrubs 1 ,389 ± 2,275 1 , 145 ± 1 ,716  - 18% 0.6941 
All species combined 2,682 ± 2223 4,5 10  ± 4,929 68% 0.2740 
� 
0"1 
Table 9. Live seedling size class (1-4 years (S l), 4 years-.25 m tall (S2), .26 m-1 .0 m tall (S3), and 1 .01-1 .36 m tall (S4)) 
density (stems/ha ± SD) changes from 1990-9 1 to 2000. 
Seedling 1990-91 2000 % Change Wilcoxon Signed 
Species Size Class (stems/ha) (stems/ha) 1990-91 to 2000 Rank Test p-value 
Sl  10,503 ± 25,669 1 ,4 1 9  ± 3,345 -86% 0.0005 
S2 14,444 ± 26,5 1 5  2,855 ± 6,273 -80% <0.0001 
Fir S3 8,524 ± 20,058 3,622 ± 4,486 -58% 0.0580 
S4 747 ± 1 384 1 ,3 1 8  ± 1 ,942 76% 0.01 30 
total 34,2 1 8  ± 54,300 9,2 1 3  ± 1 0,787 -73% <0.0001 
S l  4,410  ± 8,072 590± 1 , 176 -87% 0.0006 
S2 8,507± 1 7, 1 1 7  1 ,406 ± 3,023 -83% 0.0026 
Spruce S3 1 , 163 ± 1 ,960 . 1 ,285 ± 2, 175 10% 0.5600 
S4 87 ± 265 503 ± 1 , 136 5% 0.0 195 
total 14, 167 ± 25,93 3 3,682 ± 5,93 1 -74% 0.0012 
Sl 955 ± 1 802 3,649± 17,185 282% 0.2139 
S2 503 ± 919 1 0 1  ± 346 -80% 0.0020 
Mountain-ash . S3 330 ± 676 0 - 1 00% 0.0020 
S4 35 ± 208 5 1± 227 46% 1 .0000 
total 1 ,823 ± 2,760 3,801 ± 17,370 1 09% 0.0059 
S l  1 ,285 ± 3,774 0 1 00% <0.0001 
S2 69± 199 0 1 00% 0. 1250 
Yell ow birch S3 17  ± 1 04 0 1 00% 1 .0000 
S4 0 0 0% -





























52 1 ± 1 ,535 
139 ± 636 
87 ± 371  
1 7  ± 1 04 
764 ± 1 ,65 1 
486 ± 734 
139 ± 636 
4,2 1 9  ± 6,742 
938 ± 1 ,827 
5,885 ± 8,715  
1 8 1 60 ± 27, 1 35 
23,906 ± 34,888 
14,340 ± 2 1 ,6 1 9  
1 ,823 ± 2,248 
60, 8 1 6  ± 63,794 
2000 % Change Wilcoxon Signed 
(stems/ha) 1990-91 to 2000 Rank Test p-value 
1 1 8  ± 7 1 9  -77% 0. 1 1 72 
17 ± 1 03 -88% 0.2500 
1 7  ± 1 03 -80% 0.2 104 
1 7  ± 1 03 0% 1 .0000 
1 69 ± 829 -78% 0.0225 
608 ± 2, 1 1 2 25% 0.423 1 
220 ± 662 58% 0.91 1 9  
929 ± 2,087 -78% <0.0001 
389 ± 876 -59% 0.0338 
2,145 ± 5,241 -64% <0.0001 
6,368 ± 1 8,884 -65% 0.0005 
4,561 ± 8,629 -81% <0.000 1 
5,8 1 8  ± 6,249 -59% 0.0006 
2,264 ± 2,98 1 24% 0.3765 
22,980 ± 42,041 -62% <0.0001 
Mountain-ash sapling density increased from 35 to 165 stems/ha {Table 8). This 
shade intolerant species likely thrived in response to the increased sunlight made 
available from the overstory deterioration. The vigorous sapling cohort could soon 
replace the mature mountain-ash trees that suffered high levels of mortality in the late 
1980s, possibly due to the invasive insect, the mountain-ash sawfly (Pristiphora 
geniculata Hartig. ) (Nicholas et al. 1992b). 
Little change was found in the yellow birch saplings and seedlings from 1990- 91 to 
2000 {Table 8, Table 9). This is consistent with Nicholas (1992) who predicted that the 
yellow birch population in the Smoky Mountains would undergo little change from 1989 
to 2009. Since this is an intermediate shade tolerant species (Burns and Honkala 1990) 
no increased levels of abundance would be expected in response to the increased levels of 
light. 
There were four understory species in the other hardwood class in 1990-91 and 2000; 
mountain maple (Acer spicatum Lam. ), pin cherry (Prunus pen nsylvanica L. f. ), red maple 
(Acer rubrum L. ), and American beech (Fagus grandifolia Ehrh. ). From 1990-91 to 
2000 there were no changes in density of the sapling or seedling classes. Due to the 
sparse nature of the other hardwood species in this ecosystem it is difficult to detect 
change with such a small sample size. 
There were seven understory shrub species in 1990-91; minie bush (Menziesia pilosa 
(Michx. ) Juss), catawba rosebay (Rhododendron catawbiense Mich.), piedmont 
rhododendron (Rhododendron minus Mich. ), Appalachian gooseberry (Ribes 
rotundifolium Mich. ), elderberry (Sambucus pubens Michx.), and witch-hobble 
( Viburnum alnifolium Marsh.). In 2000 there were only three species; catawba rosebay, 
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smooth sumac (Rhus glabra L.), and witch hobble. In both of these sampling periods 
witch hobble was the most common shrub. The only �b understory class that 
exhibited significant change was S3 which showed a reduction from 4,2 19  to 929 
stems/ha (Table 8, Table 9). Shrub densities however are confounded by the fact that 
Vaccinium spp. was not sampled in 2000, and thus left out of the analysis. Without 
Vaccinium spp., an abundant shrub in this ecosystem (Crandal1 1958; Ramseur 1 960), it 
would be frivolous to make statements about the shrub seedlings and saplings. 
The fir sapling cohort not only increased in density since 1990-91 but also in vigor. The 
mean ages of saplings were 13 years younger in 2001 than in 1 990-91 indicating an 
accelerated growth rate in response to the past overstory deterioration (Table 1 0). Smith 
and Nicholas (2000) observed a similar phenomenon when noting that the dominant and 
co-dominant fir are younger in age on earlier infested mountains than recently infested 
mountains. They suggested that young fir are growing faster under greater canopy 
openness, and rapidly replacing the overstory. Reductions in ages were also noted in the 
seedling size classes S 1 and S4, and in the overstory. 
Regression Models 
Past studies have shown that Fraser fir is positively correlated with elevation (Cain 
1 935; Oosting and Billings 195 1 ;  Whittaker 1956; Nicholas 1 992). However in 1990-91  
the S4  size class showed a negative correlation (Smith 1997). In 2000 a positive 
correlation between understory fir and elevation was illustrated by only the S2 size class 
(Table 1 1  ). Perhaps these inconsistencies are the result of a sample size too small for a 




Table 1 0. Mean live fir seedling size class (1 -4 years (S1), 4 years-.25 m tall (S2), .26 m-1 . 0  m tall (S3), and 1 .01 -
1 . 36 m tall (S4)), sapling (�1 .37 m tall, and <5 em dbh), and overstory (�5 em dbh) ages (yr ± SD) in 1 990-91 and 
2000. 
Age in 1 990-
Stem Size 91 
S1 5 ±2 
S2 9 ± 3 
S3 21 ± 28 
S4 25 ±7 
sapling 32±1 2 
overs tory 58 ± 22 
Age in 2001 
3 ± 2 
1 0 ±  5 
1 4 ±  5 
1 7 ±  6 
1 9 ± 9 
36 ± 12 
% Change 
1990-91 to 2000 
-40% 





Wilcoxon Signed Rank j 









Table 1 1 . Non-parametric regression analysis on all live major species seedling size classes ( 1 -4 years (S 1 ), 4 
years-.25 m tall (S2), .26 m-1 .0 m tall (S3), and 1 .0 1-1 .36 m tall (S4)), and sapling (2:1 .37 m tall, and <5 em 
dbh) densities (stems/ha) on elevation, years since peak adelgid caused fir mortality (YSM), slope, aspect1 , 
and total overstory (2:5cm dbh) basal area. 
Overstory 
Basal 
Species Size Class Rz Elevation YSM Slope Aspect1 Area pl 
S2 0.2447 2 1 . 1 1 79 - -204.7452 - 1 22.7845 0.01 9  
S3 0.0758 - - 1 92.8541 - - - 0.085 
Fir 
S4 0. 1 387 - - - - -45.571 1 0.016  
sapling 0.0983 - - - - -84.2065 0.075 
S2 0.0866 - - - -142 1 .9163 - 0.070 
S3 0. 1456 - - - - 1329.2670 - 0.015  
Spruce S4 0.08 12  - - - -5 1 7.42 1 8  - 0.08 1 
total 
0. 1541 -3762.9480 0.01 8 understory 
- - - -
Mountain- S2 0.3403 2.8688 22.4149 -6.7867 - 1 87.4095 6.5974 0.023 
ash sapling 0. 1 176 - - 1 1 .7308 - - 0.014 
Yellow 
sapling 0. 1499 - - 4. 1722 - - 0.004 
birch total 0. 1499 4. 1722 0.004 understory - -
- -
Degrees of freedom for significance tests in 1 990-91  is 35 and 36 in 2000 
1 The transformed aspect is a linear scale from 0-2 that measures the distance from 225° (southwest) (Beers et 
al. 1 966). 
V'o 
N 
Table 1 1  Cont. 
Species Size Class 


















0.3774 -1 0.5067 
0.2359 -4.7333 
0.3350 -1 0.0035 
0.3423 -34.6381  
Overstory 
Basal 
YSM Slope Aspect Area p 
- - - - 0.092 
- - - - 0.083 i 
- - - 1 5. 9 1 65 0.068 1 
- -48.8284 - - 0.014 
- - 1 5.0479 - - 0.020 
-236.0671 -65.7866 - 35.3092 0.003 
-90.7485 - - - 0.014 
-186.776 1 -38.1 542 - - 0.001 
-680.9206 - 1 73.0343 - - 0.001 
However, when combining all of the understory size classes togetlrer no significant 
relationships were found with any of the variables. 
Smith (1 997) reported that in 1990-91 overstory fir density was positively correlated 
to the number of years since peak adelgid caused mortality (YSM). In the understory 
however YSM was negatively correlated with the S l  and S4 size class in 1990-91 (Smith 
1 997). This indicates that since the initial adelgid infestation, most of the fir in these 
classes were recruited into the overstory. Similarly a negative correlation was found 
with YSM in the S3 size class in 2000 (Table 1 1 ). Studies have shown that Fraser fir, 
which has a high tolerance for cold and wind, forms almost pure stands on high summits 
and ridges (Whittaker 1956; DeHayes et al. 1990; Busing et al. 1993; Smith 1 997). 
However, S2 was the only understory size class in 2000 that negatively correlated with 
slope (Table 1 1 ). 
Although Fraser fir is a shade tolerant species no positive understory correlations 
were found with aspects. Normally a northeast aspect would receive less sunlight 
throughout the day providing a competitive advantage to shade tolerant species such as 
spruce and fir. However this was probably confounded by the massive amounts of 
overstory removed by mortality caused by the balsam woolly adelgid. 
The amount of total overstory basal area was positively correlated with fir in the S2 
size class in 2000-01 (Table 1 1). This is indicative of the understory benefiting from 
seed sources in the overstory. The S2 class will remain as stagnant advanced 
regeneration until released. The fir in the S4 and sapling sizes classes were inhibited by 
the overstory and thus showed a negative correlation with overstory basal area. 
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Spruce overstory has been shown to correlate negatively with elevation (Cain 1935;  
Oosting and Billings 195 1 ;  Whittaker 1956; Nicholas 1992; Smith 1997). In 2000-0 1 no 
such trends existed. Perhaps this correlation was confounded by the increase in spruce 
understory in some of the higher elevation areas following adelgid caused overstory 
mortality. 
Spruce tends to dominate on the steeper slopes where there is less exposure to wind 
(Busing et al. 1993; Smith 1997). However no relationships were found in 2000. This 
lack of correlation was probably the result of the flatter more fir dominated stands 
suffering greater adelgid caused overstory damage than some of the steeper spruce 
dominated areas. These heavily disturbed flatter areas showed a greater understory 
response, thus confounding any correlation between spruce density and slope. 
No previous studies have shown that aspect has any influence on spruce density. In 
2000-01 ,  however, spruce in the S2, S3, and S4 classes exhibited negative correlations 
with aspect. 
In 1990-9 1 seedling and sapling spruce positively correlated with overstory basal area 
(Smith 1997). This shows the ability of spruce to regenerate under a dense canopy. No 
trends were found in 2000. 
Studies have shown that mountain-ash correlates with elevation (Ramseur 1960). In 
2000 S2 was the only size class to correlate with elevation. The lack of correlations in 
the other size classes was due to a sparse mountain-ash understory. 
The number of years since peak adelgid infestation was a significant predictor of 
mountain-ash density in the S2 size class. The shade intolerant mountain-ash increased 
in density since the initial disturbance. 
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The mountain-ash S2 size class showed a negative correlation with slope and the 
sapling size class showed a positive correlation. These inconsistencies suggest that slope 
is not a good indicator of understory mountain-ash densities. 
The mountain-ash S2 size class also negatively correlated with aspect. Naturally this 
shade intolerant species is a better competitor on southwest facing aspects. 
The overstory basal area showed little effect on understory mountain-ash densities. 
There was a positive relationship in only the S2 size class {Table 1 1  ). Apparently 
overstory basal area has little value in predicting understory mountain-ash density. 
Due to the sparse nature of yellow birch in this ecosystem, regression was done on all 
understory size classes combined. Studies have shown a negative relationship with 
yellow birch and elevation (Ramseur 1960). In 2000, however, yellow birch understory 
was positively related to slope. 
No correlation existed with hardwood understory and aspect. Perhaps the understory 
hardwoods on the northeast aspects have since been recruited into the overstory (Table 
9). The hardwood understory unexpectedly correlated positively with overstory basal 
area. 
Shrubs in the S3, S4, and sapling size classes negatively correlated with elevation. 
Other studies have also found lower shrub densities in the higher elevation spruce-fir 
(Cain 1 935;  Oosting and Billings 195 1 ;  Ramseur 1960). 
Understory shrub densities overall correlated negatively with ysm. Initially, there 
was an influx of shade intolerant shrubs immediately following overstory removal. As 
time went by the shrub densities decreased as they were overtopped by other species such 
as spruce, fir, and hardwoods. 
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Biodiversity Indices 
Biodiversity values were calculated to be used as benchmarks for further studies 
assessing ecosystem changes. The Shannon index (H') was used to measure the diversity 
of each layer ofthe understory (Shannon and Weaver 1 963). 
This index combines aspects of richness and evenness, both important measures of 
diversity. Since 1990-91 no dramatic changes in biodiversity were detected in any of the 
understory size classes (Table 12). 
CONCLUSION 
The red spruce and Fraser fir understory has been drastically changing since the 
beginning of the 20th century. In the high elevation forests in the Great Smoky 
Mountains National Park, untouched by logging and fire, the balsam woolly adelgid had 
Table 12. Shannon diversity index (H') of seedling size classes ( 1 -4 years (S 1 ), 4 years­
.25 m tall (S2), .26 m-1 .0 m tall (S3), and 1 .01-1 .36 m tall (S4)), and sapling (�1 .37 m 
tall, and <5 em dbh). 
Size Class Year H' 
Sl  
1990-91 1 .568 
2000 1 . 148 
S2 
1990-9 1 1 .073 
2000 1 . 1 1 1  
S3 
1990-9 1 1 .337 
2000 1 .234 
84 1990-9 1 
1 .446 
2000 1 .326 
Sapling 
1990-91 1 .943 
2000 1 .952 
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the most profound impact on the structure and composition of the understory. 
Fraser fir, red spruce, and mountain-ash saplings significantly increased in density since 
1990-9 1 .  This was a positive response to the past disturbance in the overstory from the 
balsam woolly adelgid. 
Overall there was a decrease in the seedling cohort. Two possibilities explain the 
decrease in fir seedlings: 1) competition for space from the sapling layer or 2) difficulty 
in seed germination caused by soil dessication. The spruce seedlings decreased from 
three possible factors: 1) competition for space from the saplings 2) voids between large 
seed crop years (3-8 years (Hart 1965)) or 3) low soil moisture caused from increased 
sunlight. Nevertheless, mountain-ash seedlings increased. This increase in mountain-ash 
seedlings is probably the result of this shade intolerant species thriving in response to the 
increased sunlight made available from the overstory deterioration. 
The mean ages of fir sapling, S 1 ,  and S4 size classes decreased significantly since 
1 990-9 1 .  This indicates a vigorous rapidly growing understory in response to overstory 
change. This increase in vigor was also noted by Smith and Nicholas (2000) who 
suggested that young fir was rapidly replacing the overstory as a result of greater canopy 
openness 
Whether this dense rapidly growing fir understory will resemble the uneven-aged 
forest that existed prior to the balsam woolly adelgid infestation remains unseen. If the 
fir does not develop a resistance and adelgid populations do not stabilize it is possible 
that once this cohort reaches maturity the balsam woolly adelgid could have another 
explosive outbreak completely replacing the overstory. Provided this cohort reaches seed 
bearing age, the spruce-fir will remain a two-aged forest never obtaining an uneven-aged 
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structure. Prior to adelgid infestation, red spruce often lived more than 300 years while 
fir reached a maximum age around 1 50 years (Korstian 1937; Oosting and Billings 1 95 1). 
This "old growth" fir and spruce will likely no longer be a part of this ecosystem. 
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PART IV: SUMMARY 
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The catastrophic influence of the exotic balsam woolly adelgid (Adelges piceae Ratz. 
Homoptera: Adelgidae) has altered the structure and composition of the red spruce (Picea 
rubens Sarg.)-Fraser fir (Abies fraseri (Pursh) Poir.) forest. Whether or not this 
ecosystem will ever obtain its prior uneven-aged, "old growth" condition remains 
uncertain. 
The pre-adelgid spruce-fir forests had spruce and fir overstory basal areas and 
densities substantially higher than in 1990-91 (Oosting and Billings 1951), showing that 
the initial wave of infestation had calamitous effects on the overstory. From 199-91 to 
2000, however, the first signs of overstory recovery were evident. Overstory fir density 
increased by 22% during this time. Although fir density increased, however, it remained 
sparse compared to the pre-adelgid forest. Consequently, shallow rooted spruce trees 
suffered losses in basal area during this time likely as a result of "thinning shock" from 
increased exposure. 
Unlike the overstory spruce, mountain-ash increased in density. This shade intolerant 
species increased in basal area from 1990-91  to 2000. Additionally, this species 
experienced reduced mortality rates compared to the late 1980s (Nicholas 1 992). A 
possible explanation for this is the reduced effects of the mountain-ash sawfly 
(Pristiphora geniculata Hartig. Hymenoptera: Tenthredinidae), which Nicholas ( 1992) 
hypothesized to be causing high levels of mortality in the 1980s. 
Fraser fir, red spruce, and yellow birch also experienced reductions in mortality rates 
since the late 1 980s (Nicholas 1992). During the 1980s the balsam woolly adelgid was 
finishing its initial wave of infestation, impacting a lot ofthe older more susceptible trees. 
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Left behind was a sparse cohort of younger more resistant trees which suffered much 
lower mortality rates in the 1990s. 
The future status of the forest primarily depends on the understory. In order for this 
ecosystem to sustain itself depends on the ability of the understory to reach seed bearing 
age, and produce viable seed (Nicholas et al. 1992). 
Over the past decade the sapling cohort has responded positively to the surplus of 
light reaching the understory. Sapling size fir, spruce, and mountain-ash have 
significantly increased in density. The fir seedling cohort, overall, has exhibited losses in 
density since 1990-9 1 ,  possibly as a result of competition for space from the sapling 
layer, or regeneration problems caused by soil dessication. 
Not only has the sapling fir increased in density since 1990-91 ,  but also in vigor. In 
fact the mean ages of all understory fir classes have decreased, illustrating a rapidly 
growing understory. Soon this understory fir will reach the overstory. The "old growth" 
condition that existed prior to infestation however seems an unlikely possibility for this 
new generation. When the saplings grow older they develop bark fissures which allow 
the adelgid easier access to the pheloderm (Eagar 1985). Therefore it seems 
unreasonable to think that the spruce-fir forest will ever become what it was prior to the 
late 1950s. A dense even-aged forest could create the ideal habitat for the adelgid. 
Provided that adelgid populations do not stabilize by the time the understory reaches 
maturity and the fir does not develop a resistance to this pest, this could result in an 
explosive outbreak. The forest will resemble a two-aged forest with a rapid cycle of 
advanced regeneration, growth, infestation, and death. 
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